INTRODUCTION
Flagellum-mediated motility is a widespread means of locomotion among bacteria. The bacterial flagellum is usually powered by a reversible membrane-embedded motor at the base of the flagellum structure, which uses energy from either the proton or the sodium ion gradient to drive rotation of the flagellum filament (McCarter, 2001; Yorimitsu & Homma, 2001; Blair, 2003) . The flagellum motor is divided into two substructures, the rotor and the stator. The rotor is composed of the FliM, FliN and FliG proteins, which form the C ring structure at the base of the flagellum basal body. These three proteins act as a switch that controls the direction of flagellum rotation, clockwise or counter clockwise. The stator is the stationary component of the motor, and consists of membrane-embedded proteins surrounding the C ring and proton or sodium ion channels that couple the flow of ions to flagellum rotation (Berg, 2003; Blair, 2003) . Each stator complex contains at least two different proteins in a 4 : 2 stoichiometry, which form two specific ion channels. In the proton-driven motor of Escherichia coli and Salmonella enterica serovar Typhimurium, MotA and MotB constitute the stator complex (Blair & Berg, 1990; Stolz & Berg, 1991; MacNab, 1996) , which conducts protons across the inner membrane (Kojima & Blair, 2004) . However, the stator of the Vibrio parahaemolyticus proton-driven lateral flagella motor requires an additional protein for motor function, called MotY (LafY) (Stewart & McCarter, 2003) , and the stator complex of the Shewanella oneidensis MR-1 proton-driven flagella motor requires two additional proteins, MotX and MotY (Koerdt et al., 2009 ). In the sodium-driven motor of alkaliphilic Bacillus species, the stator requires two proteins, MotP and MotS (Ito et al., 2004) , whereas the stator complex of the S. oneidensis MR-1 sodium-driven motor (Koerdt et al., 2009 ) and the polar flagellum stator of Vibrio species, such as Vibrio alginolyticus and V. parahaemolyticus, require four proteins: PomA, PomB, MotX and MotY (Asai et al., 1997; McCarter, 2001; Yorimitsu & Homma, 2001) . MotP/PomA and MotS/PomB proteins are homologous to the protondriven MotA and MotB, respectively. MotA has four transmembrane domains, which are thought to interact with FliG via a cytoplasmic segment to generate torque (Zhou et al., 1998; Asai et al., 2003) . MotB has a single N-terminal transmembrane domain that harbours an Asp residue crucial for mediating ion flow and torque generation, as well as a peptidoglycan-binding motif at its C terminus (De Mot & Vanderleyden, 1994; Zhou et al., 1995) that anchors the stator complex to the cell wall (De Mot & Vanderleyden, 1994; Asai et al., 1997) . MotX and MotY do not have paralogous proteins in E. coli and are components of the T ring (Terashima et al., 2006) , which is located beneath the P ring of the polar flagellum basal body in Vibrio species. MotY has an N-terminal region essential for association of the stator unit around the rotor (Kojima et al., 2008) , and like MotB and PomB has a peptidoglycan-binding motif in its C-terminal region (McCarter, 1994) . In V. alginolyticus, MotX and MotY are required for the assembly of the PomA/PomB complex in the polar flagellum motor (Okabe et al., 2005; Terashima et al., 2006; Kojima et al., 2008) . In contrast to the case in S. oneidensis MR-1, neither protein is crucial for the recruitment of the PomAB or MotAB stator complex to the flagellated cell pole (Koerdt et al., 2009) .
Although most bacterial flagella motors have one stator complex that specifically connects to a single rotor complex to energize the flagellum, Pseudomonas aeruginosa PAO1, S. oneidensis MR-1 and Aeromonas hydrophila AH-3 polar flagella, as well as Bacillus subtilis peritrichous flagella, have two different stator complexes that connect to a single rotor complex. Thus, P. aeruginosa PAO1 harbours MotAB and MotCD, which power a single polar flagellum by an unknown mechanism (Doyle et al., 2004; Toutain et al., 2005) , while B. subtilis and S. oneidensis MR-1 harbour stator complexes with different ion specificities (Ito et al., 2004; Paulick et al., 2009) . B. subtilis MotAB and S. oneidensis MotAB-MotXY are proton-driven, whereas B. subtilis MotPS and S. oneidensis PomAB-MotXY are sodium-driven. In contrast, both A. hydrophila polar flagellum stator complexes are sodium-driven, although they have different sensitivities to sodium variations (Wilhelms et al., 2009) .
Mesophilic Aeromonas are ubiquitous water-borne bacteria, considered opportunistic pathogens of both aquatic and terrestrial animals, some species being associated with gastrointestinal and extraintestinal human disease (Janda & Abbott, 2010) . All mesophilic aeromonads have a single polar unsheathed flagellum produced constitutively; however, 60 % of clinical isolates also have lateral inducible unsheathed flagella. The lateral flagella stator is composed of two proteins, LafT and LafU (Canals et al., 2006b ), but at least five proteins are involved in polar flagellum rotation: an essential protein, MotX (Canals et al., 2006a) ; and two redundant non-essential dual protein complexes, PomAB and PomA 2 B 2 (Wilhelms et al., 2009) . In this study we found a novel essential protein, MotY, involved in polar but not lateral flagella rotation, which we demonstrated is proton-driven. The functionality of motY is motX dosedependent, and the homologous proteins from the dual polar stator are not interchangeable or substituted by homologous proteins from other bacteria.
METHODS
Bacterial strains, plasmids and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . E. coli strains were grown on Luria-Bertani (LB) Miller broth and LB Miller agar at 37 uC, and Aeromonas strains were grown either in tryptic soy broth (TSB) or on agar (TSA) at 30 uC. When required, ampicillin (50 mg ml 21 ), kanamycin (50 mg ml
21
), chloramphenicol (25 mg ml 21 ), rifampicin (100 mg ml 21 , spectinomycin (50 mg ml 21 ), gentamicin (10 mg ml 21 ) and tetracycline (20 mg ml 21 ) were added to the different media. Media were supplemented with 0.2 % (w/v) Larabinose to induce recombinant protein expression under the arabinose promoter on pBAD33 or pBAD33-Gm.
Motility assays (swarming and swimming). Freshly grown bacterial colonies were transferred with a sterile toothpick onto the centre of a soft agar plate (1 % tryptone, 0.5 % NaCl, 0.25 % agar). The plates were incubated face up for 24-48 h at 25 uC, and motility was assessed by examining the migration of bacteria through the agar from the centre towards the periphery of the plate. Moreover, swimming motility was assessed by light microscopy observations in liquid medium. When required, the specific inhibitor for the sodium-driven flagella motor, amiloride (1-2 mM, Sigma), or the protonophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (5-20 mM, Sigma) at pH 8.5, were added to the motility assay media.
Transmission electron microscopy (TEM). Bacterial suspensions were placed on Formvar-coated grids and negative-stained with 2 % uranyl acetate, pH 4.1. Preparations were observed on a Hitachi 600 transmission electron microscope.
DNA techniques. DNA manipulations were carried out according to standard procedures (Sambrook et al., 1989) . DNA restriction endonucleases and E. coli DNA polymerase Klenow fragment were obtained from Promega. T4 DNA ligase and alkaline phosphatase were obtained from Invitrogen and GE Healthcare, respectively. PCR was performed using BioTaq DNA polymerase (Ecogen) in a Perkin Elmer GeneAmp PCR System 2400 thermal cycler. Colony hybridizations were carried out by colony transfer onto positively charged nylon membranes (Roche), followed by lysis according to the manufacturer's instructions. Probe labelling with digoxigenin, and hybridization and detection (GE Healthcare), were carried out as recommended by the suppliers.
Nucleotide sequencing and computer sequence analysis.
Plasmid DNA for sequencing was isolated with a Qiagen Plasmid Purification kit, as recommended by the suppliers. dsDNA sequencing was performed by using the Sanger dideoxy chain-termination method (Sanger et al., 1977) with the BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems). Custom-designed primers used for DNA sequencing were purchased from Sigma-Aldrich.
The DNA sequence was translated in all six frames, and the deduced amino acid sequences were inspected in the GenBank, EMBL and Swiss-Prot databases by using the BLASTX, BLASTP or PSI-BLAST network service at the National Center for Biotechnology Information (NCBI) (Altschul et al., 1997) . The protein family profile was obtained using the protein families database Pfam at the Sanger Center (Bateman et al., 2002) . Determination of possible terminator sequences was done by using the Terminator program from the Genetics Computer Group package (Madison, WI, USA). Other online sequence analysis services were also used.
Mapping the A. hydrophila AH-3 motY and motX transcription start sites by 5 § random amplification of cDNA ends (RACE) PCR. Amplification of the A. hydrophila AH-3 motY and motX cDNA 59 ends was performed using the 59 RACE System version 2.0 (Invitrogen). Total RNA was isolated from A. hydrophila AH-3 and 5 mg was pretreated with RNase-free DNase I, Amplification Grade (Invitrogen), according to the manufacturer's protocol for each sample. Absence of contaminating DNA in the RNA samples was confirmed by PCR. First-strand cDNA was synthesized using the entire volume of DNase-digested total RNA (5 mg), the motY internal primer GSP1-MotY (59-GGAAGTTGACCGAGGAGAG-39) or the motX internal primer GSP1-MotX (59-TGTTCAATCCAGTTGAG-CAG-39), and the ThermoScript RT-PCR system (Invitrogen) at 57 uC for 45 min. Reverse transcriptase was deactivated at 85 uC for 5 min, and 1 ml RNase H was then added and incubated at 37 uC for 20 min. Purification of cDNA with S.N.A.P. columns, as well as tailing of purified cDNA using terminal deoxynucleotidyltransferase and dCTP, was done according to the 59 RACE System version 2.0 instructions. Confirmation of cDNA was performed after each step by PCR with nested primers. Tailed cDNA was amplified by primary PCR using 10 mM of each primer, the 59 RACE abridged anchor primer (AAP) and GSP2-MotY (59-CAGTCGCGGTACTGGAAG-39) or GSP2-MotX (59-CCTGCAAATTGCTGCTGT-39). The PCR program applied was 94 uC for 1 min, followed by 35 cycles of 94 uC for 45 s, 58 uC for 30 s and 72 uC for 1 min, and an extension at 72 uC 
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for 5 min. Nested PCR was performed using primary PCR product diluted 1 : 100 as template and 10 mM of each nested primer abridged by the universal amplification primer (AUAP) and GSP3-MotY (59-CATCGAACTGCTGGTAGAA-39) or GSP3-MotX (59-CAAATTG-CTGCTGTCGAT-39). The PCR program applied was 94 uC for 1 min, followed by 35 cycles of 94 uC for 45 s, 55 uC for 30 s and 72 uC for 1 min, and an extension at 72 uC for 5 min. PCR products were analysed by agarose gel electrophoresis, and amplified bands were excised from the gel, purified, and sequenced with the GSP3-MotY or GSP3-MotX primer.
Construction of defined mutants. The single defined insertion motY and the AH-4471 : : pomB mutants were obtained using a method based on suicide plasmid pFS100 (Rubirés et al., 1997). Briefly, a motY internal fragment of A. hydrophila AH-3 was amplified by PCR (59-GCCTGGATCAATCCGTCT-39 and 59-GCCATCTTCG-GTTTCGTT-39), ligated into pGEM-T Easy (Promega) and transformed into E. coli XL1-Blue. The DNA insert was sequenced, recovered by EcoRI restriction digestion, and ligated into EcoRIdigested and phosphatase-treated pFS100. The recombinant pFS-MOTY plasmid was transformed into E. coli MC1061 (lpir) and selected for kanamycin resistance (Km r ). Triparental mating with the mobilizing strain HB101/pRK2073 was used to transfer the recombinant plasmid into the A. hydrophila AH-405 rifampicin-resistant (Rif r ) strain to obtain the defined insertion mutant AH-3 : : motY, selecting for Rif r and Km r . To obtain the AH-4471 : : pomB mutant, the recombinant plasmid pFS-MOTB (Canals et al., 2006a) was transferred by triparental mating with the mobilizing strain HB101/ pRK2073 into the A. hydrophila AH-4471 rifampicin-resistant mutant (AH-405DpomA 2 B 2 ) (Wilhelms et al., 2009 ) to obtain the AH-4471 : : pomB mutant (AH-405DpomA 2 B 2 : : pomB), selecting for Rif r and Km r . The correct construction of mutants was verified by Southern blot hybridization.
The double mutant lafK-motY was obtained using a method based on suicide plasmid pCM100 (Yu et al., 2004) . The AH-3 motY internal fragment ligated into pGEM-T Easy (Promega) was recovered by EcoRI digestion, blunt-ended, and ligated into EcoRV-digested and phosphatase-treated pCM100. The recombinant pCM-MOTY plasmid was transformed into E. coli MC1061 (lpir) and selected for chloramphenicol resistance (Cm r ). Triparental mating with the mobilizing strain HB101/pRK2073 was used to transfer the recombinant plasmid into the A. hydrophila A405 lafK : : Km r (AH-5503) rifampicin-and kanamycin-resistant (Rif r , Km r ) strain (Canals et al., 2006b ) to obtain the double mutant AH-5503 : : motY, selecting for Rif r , Km r and Cm r . The correct construction was verified by Southern blot hybridization.
Plasmid construction. Plasmid pBAD33-MOTY, containing the complete motY gene, and plasmid pBAD33-MOTX, containing the complete motX gene from A. hydrophila AH-3 under the arabinose promoter (P BAD ) on pBAD33 (Guzman et al., 1995) , were obtained by PCR amplification of genomic DNA. Oligonucleotides 59-AAAC-CCTGCAGCAAAACAG-39 and 59-AAGATCCGGATGGTTACAA-39 generated a band of 1191 bp containing the motY gene, and oligonucleotides 59-GCTCTAGAGGGGTTGCCCCATATAAAG-39 and 59-TCCCCCGGGCTCCCCTTTGTCATTGCTG-39 generated a band of 1136 bp (the XbaI site is underlined and the SmaI site is underlined and in bold type) containing the motX gene. The amplified band containing the motY gene was ligated into pGEM-T Easy (Promega) and transformed into E. coli XL1-Blue. The DNA insert was recovered by SacI (plasmid restriction site) and EcoRV (restriction site downstream of motY stop codon) restriction digestion, and ligated into the SacI/ SmaI-digested pBAD33 vector to construct the pBAD33-MOTY plasmid (Fig. 1) . The amplified band containing the motX gene was digested with SmaI and XbaI, and ligated into the SmaI/XbaI-digested pBAD33 vector to construct the pBAD33-MOTX plasmid (Fig. 1) .
Both plasmids were introduced into E. coli DH5a (Hanahan, 1983) and sequenced. Plasmid pBAD33Gm-MOTY, containing the complete motY, and pBAD33Gm-MOTX, containing the complete motX gene from A. hydrophila AH-3 under the arabinose promoter (P BAD ) on pBAD33-Gm (Jimenez et al., 2009) , were obtained by restriction digestion. The DNA insert of pGEM-T Easy containing motY was recovered by EcoRI (plasmid restriction site) and EcoRV restriction digestion, and ligated into the EcoRI/SmaI-digested pBAD33-Gm vector to construct the pBAD33Gm-MOTY plasmid. The amplified band containing the motX gene was digested with SmaI and XbaI, and ligated into the SmaI/XbaI-digested pBAD33-Gm vector to construct the pBAD33Gm-MOTX plasmid. Plasmid pBAD33-MOTYX, containing the complete motY and motX genes, both under the arabinose promoter on pBAD33, was obtained by PCR amplification of pBAD33-MOTX with the oligonucleotides XBA-PBADF3 (59-AAAATCTAG-ACGTCACACTTTGCTATGC-39), which contains a XbaI site (underlined), and PBADR (59-GGAGACCCCACACTACCAT-39), which is located downstream of the pBAD33 polylinker. The amplified band containing the motX gene under P BAD control was XbaI-digested, ligated to the pBAD33-MOTY recombinant plasmid digested with the same endonuclease, and phosphatase-treated (Fig. 1) . Products of ligation were introduced into E. coli DH5a, and some recombinant plasmids were StuI/PstI-digested to differentiate plasmids containing both genes in the same transcription direction, pBAD33-MOTYX, and genes in the opposite direction, pBAD33-MOTYXc. The selected plasmids were sequenced.
Plasmids pBAD33Gm-POMB 2 and pBAD33Gm-POMB, containing the complete pomB 2 and pomB from A. hydrophila AH-3, respectively; plasmid pBAD33Gm-POMABvp, containing the pomAB from V. parahamolyticus; and plasmids pBAD33Gm-MOTABpa and pBAD33Gm -MOTCDpa, containing the motAB and motCD from P. aeruginosa, respectively, all of them under the control of the arabinose promoter (P BAD ) on pBAD33-Gm (Jimenez et al., 2009) , were obtained by PCR amplification of genomic DNA. Oligonucleotides 59-AGCGATCCCAA-ATCCATAG-39 and 59-ACGCGTCGACAGCTCTTGACGCAGCTTTT-39, which contain a SalI site (italic type), generated a band of 1348 bp containing A. hydrophila pomB 2 , and oligonucleotides 59-TCCCCCG-GGATCCAGGCCATGTTCCATC-39 and 59-ACGCGTCGACATACC-GGCTAACGAGACCA-39 generated a band of 1244 bp containing the A. hydrophila pomB (SmaI site underlined and in bold type, and SalI site in italic type). The amplified band containing pomB 2 was PvuII-(restriction site 125 bp upstream of the pomB 2 start codon) and SalI-digested, and the amplified band containing pomB was SmaI and SalI restrictiondigested. Digested bands were ligated into the SmaI/SalI-digested pBAD33Gm vector to construct the pBAD33Gm-POMB 2 and pBAD33Gm-POMB plasmids, respectively. Oligonucleotides 59-GGAA-TTCTGGCTCTAAACGGGTCTG-39 and 59-GCTCTAGATGCAGGT-AAGGCTTCGAT-39 generated a band of 2003 bp containing the pomAB from V. parahaemolyticus, oligonucleotides 59-GGAATTCCGTGCA-GGAATGAGGAGA-39 and 59-GCTCTAGATGCCCAGACTTTCATTG-C-39 generated a band of 1835 bp containing the motAB from P. aeruginosa, and oligonucleotides 59-GGAATTCGAGGGAGCCTAGC-AGTCC-39 and 59-GCTCTAGACAGCTACCGGCACATTCT-39 generated a band of 2018 bp containing the motCD from P. aeruginosa (XbaI site underlined, and EcoRI site underlined and in bold type). The amplified band containing the genes was EcoRI and XbaI restrictiondigested and ligated into the EcoRI/XbaI-digested pBAD33Gm vector to construct the pBAD33Gm-POMABvp, pBAD33Gm-MOTABpa and pBAD33Gm-MOTCDpa plasmids, respectively. All plasmids were independently introduced into E. coli DH5a and sequenced.
RT-PCR. Total RNA was isolated, by RNAprotect Bacteria reagent (Qiagen) and RNeasy Mini kit (Qiagen), from E. coli DH5a and the A. hydrophila AH-3 : : motY mutant, with and without plasmid pBAD33-MOTY, grown at 37 uC in LB or 25 uC in TSB, respectively, and supplemented with 0.2 % L-arabinose, as well as from A. hydrophila wild-type AH-3. Cloramphenicol was added when required. To ensure that RNA was devoid of contaminating DNA, the preparation was treated with RNase-free Turbo DNase I (Ambion). First-strand cDNA synthesis was carried out using the ThermoScript RT-PCR system (Invitrogen) and random primers on 3-5 mg DNase-digested total RNA, according to the manufacturer's instructions. PCR without reverse transcriptase was also performed to confirm the absence of contaminating DNA in the RNA sample. PCR, secondstrand synthesis and subsequent DNA amplification were carried out using the AccuPrime Taq DNA polymerase (Invitrogene) and the oligonucleotide pair 59-TCCGTGAGTATGCAGTTACA-39 and 59-CATGTTGATCACCACACG-39 to amplify the motY DNA fragment of 821 bp. Oligonucleotides 59-TCAACTGGATTGAGCAGGG-39 and 59-GCTGGTCGCCTTCTGATG-39 were used to amplify the motX DNA fragment of 450 bp. Amplicons were analysed by agarose gel electrophoresis with ethidium bromide staining. A. hydrophila and E. coli ribosomal 16S primers were used as a control for the cDNA template.
Isolation of the A. hydrophila polar flagellar basal bodies. The isolation of the A. hydrophila polar flagellar basal bodies was carried out from an overnight culture in TSB (1000 ml) at 25 uC, as described by Terashima et al. (2006) . Briefly, after cultivation, the cells were harvested in a sucrose solution (0.5 M sucrose, 50 mM Tris/HCl, pH 8.0) and converted into spheroplasts by adding lysozyme and EDTA to final concentrations of 0.1 mg ml 21 and 2 mM, respectively. After lysis of spheroplasts with 1 % (w/v) Triton X-100, 5 mM MgSO 4 and 0.1 mg DNase I ml 21 were added to reduce viscosity, and then 5 mM EDTA was added. Unlysed cells and cellular debris were recovered by centrifugation at 17 000 g for 20 min. PEG 6000 and NaCl were added to the lysate to final concentrations of 2 % and 100 mM, respectively, and flagella were collected by centrifugation at 27 000 g for 30 min. The pellet was suspended in TET buffer [10 mM Tris/HCl, pH 8.0, 5 mM EDTA, 0.1 % (w/v) Triton X-100]. To remove cellular debris, the suspension was centrifuged at 1000 g for 15 min at 4 uC, and the supernatant was centrifuged at 100 000 g for 30 min. To dissociate the flagella into monomeric flagellin, the pellet was suspended in TET buffer and diluted 30-fold in 50 mM glycine-HCl (pH 3.5) containing 0.1 % (w/v) Triton X-100 and shaken for 60 min at room temperature. After treatment, the mixture was centrifuged at 1000 g for 15 min at 4 uC, and the supernatant was centrifuged at 150 000 g for 40 min and the pellet suspended in TET buffer.
RESULTS

Identification of a novel polar flagellum stator protein in mesophilic Aeromonas
Previous work demonstrated that A. hydrophila AH-3 has a sodium-driven polar flagellum whose rotation is performed by one essential stator protein, MotX, and one of two redundant sodium-driven stator proteins, PomAB and The AHA_2642 deduced amino acid sequence exhibits 48 % identity and 70 % similarity to Vibrio cholerae MotY. The A. hydrophila AH-3 genomic library was screened by colony blotting using an AHA_2642 DNA probe, leading to the identification of clone pLA-MOTY (Canals et al., 2006a) , which carries the entire motY gene. A. hydrophila AH-3 MotY is predicted to be 291 aa in length and exhibits 99 % identity/100 % similarity to A. hydrophila ATCC7966 T MotY, and 44-46 % identity/64-66 % similarity to the MotY of various Vibrio species, which is involved in sodium-type motor formation (Fig. 2a) . A. hydrophila AH-3 MotY harbours a signal peptide with a cleavage site between amino acids 19 and 20, and a C-terminal OmpA family domain (peptidoglycan-binding motif) between amino acids 183 and 279. Putative Shine-Dalgarno and s 28 promoter (CTAAA-N 15 -GCCGATAC) sequences were found at 9 and 30 bp upstream of the TTG start codon, respectively (Fig. 2b) . Downstream of motY is a gene (Pa). The deduced amino acid sequences were aligned using CLUSTAL W. White letters with a black background indicate identical amino acid residues, and black letters with a grey background indicate similar amino acid residues. The black circles show cysteine residues conserved in MotY, which establish a disulfide bridge important for MotY N-terminal region stability. The inverted black triangle shows the MotY arginine residue that is important for motility and is conserved in OmpA/MotB-like proteins. (b) Promoter sequences of A. hydrophila AH-3 motY and motX determined using the 59 RACE System version 2.0 (Invitrogen). RBS indicates Shine-Dalgarno sequences upstream of the motY and motX start codons TTG and ATG, respectively. Asterisks show the location of the transcriptional start sites; "10 and "35 show sequences for s 28 binding.
Aeromonas hydrophila motY
predicted to encode a lactoylglutathione lyase. In addition, the exact location of the A. hydrophila AH-3 motY and motX promoters was determined by RACE assays (Fig. 2b) . Primary PCR of tailed cDNA failed to give the expected amplification bands, but nested PCR using primers AUAP (abridged universal amplification primer) and GSP3-MotY or GSP3-MotX showed unique DNA bands of approximately 400 and 410 bp, respectively. The DNA sequences of the amplified bands indicated that they were tailed with G residues, and the motY and motX transcription start sites were located 218 nt and 218 or 219 nt upstream, respectively, from their translation start sites.
In order to analyse the presence of motY in mesophilic Aeromonas, we performed dot blot hybridization experiments against total genomic DNA of 50 different strains using an internal AHA_2642 DNA probe. The probe hybridized to the chromosomal DNA of all mesophilic Aeromonas strains tested, independently of their ability to produce lateral flagella.
A. hydrophila MotY is essential for polar flagellum movement
To investigate the possible role of MotY in the motility of A. hydrophila AH-3, a defined insertion mutant in motY was created (AH-3 : : motY), and motility assays in liquid medium and on soft agar plates were performed. The mutant's ability to form polar and lateral flagella was also analysed. Motility assays in liquid medium by light microscopy showed that the motY mutation abolished swimming motility and also caused a decrease of radial expansion in soft agar motility (76 % reduction) in relation to the wild-type (Fig. 3a) . The radial expansion of the motY mutant was similar to that observed in the motX stator mutant and in the fliM, flhA and fliA non-polar flagellum mutants (Canals et al., 2006a) . TEM analysis showed polar and lateral flagella in the motY mutant (Fig. 3b) , as in the motX mutant, as previously described (Canals et al., 2006a) . Since the A. hydrophila polar flagellum is constitutive and lateral flagella are inducible in semisolid media or on the surface, these results suggest that the nonmotile phenotype in liquid medium is a consequence of the inability of the polar flagellum to rotate in the motY and motX mutants.
In order to analyse whether AH-3 : : motY soft agar motility was only produced by lateral flagella rotation, an A. hydrophila AH-3 double mutant, lafK-motY (AH-5503 : : motY), was created and soft agar motility was analysed. No radial expansion was observed, although the mutant showed a polar flagellum (Fig. 3) . Furthermore, the motility of the AH-3 : : motY and a non-polar flagellum mutant, flhA : : Km (AH-4442) (Wilhelms et al., 2009) , was assayed in soft agar with the sodium-driven flagellar inhibitor amiloride or the protonophore CCCP. These assays showed that the motility of both mutants was strongly inhibited with an increase in the CCCP concentration, whereas no decrease in radial expansion was induced by amiloride treatment (Fig. 4) . The results suggest that AH-3 : : motY soft agar motility is produced by lateral flagella movement, which is energized by the proton motive force, and that MotY is not involved in lateral flagella movement.
Complementation studies using A. hydrophila AH-3 : : motY and lafK-motY (AH5503 : : motY) mutants
We introduced the pLA-MOTY cosmid into the AH-3 : : motY and lafK-motY (AH-5503 : : motY) mutants by triparental mating. Transconjugants failed to swim or show a radial expansion identical to that of the mutants (Fig. 5a ).
Since pLA-MOTY complementation in trans was unable to restore swimming motility, we examined whether it was produced by a low level of motY expression. We cloned the motY gene into the pBAD33 arabinose-expression vector (pBAD33-MOTY), as described in Methods (Fig. 1) , and transferred it to the AH-3 : : motY mutant by triparental mating. Transconjugants grown in 0.2 % L-arabinose failed to swim in liquid medium and soft agar; therefore, the motility defect was not rescued, as happened above with pLA-MOTY (Fig. 5a ). We also cloned the motY gene into the pBAD33-Gm arabinose-expression vector (pBAD33Gm-MOTY) and transferred it to the double mutant lafK-motY (AH-5503 : : motY). As observed above, when introduced into the AH-3 : : motY mutant, the plasmid was unable to restore polar flagella motility in 0.2 % L-arabinose, and this was the case even when L-arabinose concentrations were increased.
In order to determine whether the inability to complement the AH-3 : : motY mutant was caused by the non-transcription of the motY gene from pBAD33-MOTY, we analysed motY transcription in DH5a and AH-3 : : motY transconjugants by RT-PCR from cells grown with 0.2 % L-arabinose. Transcripts of motY were found in both transconjugant strains containing the pBAD33-MOTY plasmid, but no transcripts were detected in strains without the recombinant plasmid (Fig. 5b) . Analysis of motX and motY transcription in the wild-type strain AH-3 grown in liquid medium showed a higher level of motY transcription in relation to motX (Fig. 5b) .
In V. alginolyticus, MotX and MotY are components of the T ring (Terashima et al., 2006) , and MotX rapidly degrades in the absence of MotY (Yagasaki et al., 2006) . Therefore, we investigated whether coordinated expression levels of the motY and motX genes were able to restore the swimming motility of the AH-3 : : motY mutant. We cloned motY and motX into the pBAD33 vector (pBAD33-MOTYX and pBAD33-MOTYXc, respectively), each under the control of the P BAD promoter, as described in Methods (Fig. 1) , and transferred them independently to the AH-3 : : motY mutant. The motility of transconjugants grown with 0.2 % L-arabinose was analysed. The introduction of pBAD33-MOTYX, which contain both genes in the same transcriptional direction, or pBAD33-MOTYXc, which contain the genes in opposite directions, restored motility in liquid medium and soft agar to the motY mutant (Fig.  5a ). Deletion of a 901 bp StuI-SmaI fragment of pBAD33-MOTYX, containing the motX gene, rendered the plasmid unable to restore polar flagellum motility in the AH-3 : : motY mutant, as happens with pBAD33-MOTY alone.
Since in V. alginolyticus the overexpression of motX in a motY mutant is able to restore polar flagellum motility (Okabe et al., 2001) , we introduced the pBAD33-MOTX plasmid into the AH-3 : : motY mutant and the pBAD33Gm-MOTX plasmid into the double mutant lafK-motY. The overexpression of A. hydrophila motX in the AH-3 : : motY mutant was unable to restore swimming motility (Fig. 5a) .
A. hydrophila hybrid polar flagellum stators are not functional
Previously, we demonstrated that A. hydrophila has two redundant sodium-dependent polar stators, PomAB and PomA 2 B 2 , which allow bacteria to swim in liquid medium and soft agar (Wilhelms et al., 2009) . Since both polar flagellum stators are sodium-dependent, and subunits PomA/PomA 2 and PomB/PomB 2 are homologous proteins, they might constitute functional natural hybrid motors. To analyse this we transferred the pomB, pomB 2 , pomAB and pomA 2 B 2 genes to three mutants: AH-4473, unable to express pomAB-A 2 B 2 (Wilhelms et al., 2009); AH-4452, which expresses pomA 2 alone (Wilhelms et al., 2009) ; and AH4471 : : pomB, which expresses pomA alone (see Methods). The three mutants had a polar flagellum, but were unable to swim in liquid medium and showed reduced radial expansion in soft agar in relation to the wild-type, AH-3 (Fig. 6 ). Plasmids pACYC-POMAB and pACYC-POMA 2 B 2 , containing the A. hydrophila AH-3 pomAB and pomA 2 B 2 genes, respectively, have previously been transferred to the AH-4473 (pomAB-A 2 B 2 ) and AH-4452 (pomAB-B 2 ) mutants, and both are able to restore swimming motility in liquid medium and soft agar in these mutants (Wilhelms et al., 2009) . The transfer of one of these two plasmids into the AH4471 : : pomB (pomA 2 B 2 -B) mutant also restored the swimming phenotype, as in the AH-4473 and AH-4452 mutants (Fig. 6) . However, plasmid pBAD33GM-POMB 2 , containing A. hydrophila AH-3 pomB 2 , was able to complement swimming motility in liquid medium and radial expansion in soft agar in the AH-4452 (pomAB-B 2 ) mutant when L-arabinose was added to the medium, but was unable to perform this complementation in AH4471 : : pomB (pomB-A 2 B 2 ) and AH-4473 (pomAB-A 2 B 2 ) mutants under identical growth conditions (Fig. 6) .
In a similar way, plasmid pBAD33GM-POMB, containing A. hydrophila AH-3 pomB, was able to restore motility in AH4471 : : pomB (pomB-A 2 B 2 ), but was unable to do so in the AH-4452 (pomAB-B 2 ) and AH-4473 (pomAB-A 2 B 2 ) mutants (Fig. 6) . These results suggest that homologous proteins of A. hydrophila polar flagellum stators are not interchangeable.
Complementation of A. hydrophila DpomABDpomA 2 B 2 by V. parahaemolyticus pomAB and P. aeruginosa motAB or motCD Since A. hydrophila PomA 2 /PomB 2 stator proteins are homologous to V. parahaemolyticus PomA/PomB [65 % identity and 81 % similarity for PomA 2 (E53e-81), and 59 % identity and 74 % similarity for PomB 2 (E52e-95)], and A. hydrophila PomA/PomB stator proteins are homologous to P. aeruginosa MotA/MotB [50 % identity and 70 % similarity for PomA (E54e-57), and 28 % identity and 50 % similarity for PomB (E52e-27)], as well as to P. aeruginosa MotC/MotD [50 % identity and 69 % similarity for PomA (E52e-56), and 29 % identity and 50 % similarity for PomB (E52e-27)], we examined whether V. parahaemolyticus pomAB or P. aeruginosa motAB or motCD can complement the A. hydrophila DpomABDpomA 2 B 2 mutant (AH-4473). Plasmids containing V. parahaemolyticus pomAB (pBAD33Gm-POMABvp) and P. aeruginosa motAB (pBAD33Gm-MOTABpa) or motCD (pBAD33Gm-MOTCDpa) were independently transferred to the AH-4473 mutant. Transconjugants were tested for motility in liquid medium and soft agar in the presence of Larabinose, and all of them were unable to swim in liquid medium and showed a radial expansion in soft agar identical to that of the mutant.
DISCUSSION
The A. hydrophila AH-3 polar flagellum has a complex stator energized by the electrochemical potential of Na + as coupling ion. We previously described this polar stator as a complex composed of an essential protein, MotX, and two sets of redundant proteins, PomAB and PomA 2 B 2 , which are non-essential to drive motility in liquid medium or soft agar (Canals et al., 2006a; Wilhelms et al., 2009) . Although these redundant pairs of proteins constitute complexes that function as a sodium channel, they have different sensitivities to variations in sodium concentration (Wilhelms et al., 2009) . However, the stator of the sodium-driven motors of other Gram-negative bacteria such as Vibrio spp. and S. oneidensis possess four proteins: MotX, MotY, PomA and PomB (Terashima et al., 2006; Paulick et al., 2009) .
By the analysis of the A. hydrophila ATCC7966 T genome we identified A. hydrophila AH-3 MotY, which exhibits 44-46 % identity and 64-66 % similarity to MotY of different Vibrio species. Furthermore, MotY shows an N-terminal signal peptide, a C-terminal OmpA family domain involved in peptidoglycan binding, and two cysteine residues, which are critical to intramolecular sulfide bond formation between MotX and MotY of Vibrio spp. (Yagasaki et al., 2006) . Both motX and -Y of A. hydrophila, although located in different chromosomal regions, are under the control of s 28 promoters, as determined by RACE assays with high identity (Fig. 2b) . Since MotY homologues are also reported to form part of certain proton-driven flagella systems, such as the lateral flagella of Vibrio spp. and the polar flagellum of S. oneidensis and P. aeruginosa (Stewart & McCarter, 2003; Doyle et al., 2004; Paulick et al., 2009) , we investigated whether Aeromonas MotY was involved in polar/lateral flagella rotation. By using a motY mutant and a double mutant lafK-motY, we were able to demonstrate that MotY is only essential for A. hydrophila polar flagellum rotation in the presence of MotX. Therefore, the A. hydrophila polar flagellum stator is a complex integrated by two essential proteins, MotX and MotY, which interact with one of two redundant pairs of proteins, PomAB and PomA 2 B 2 .
In Vibrio spp. and S. oneidensis MR-1, motY mutants are fully complemented by their wild-type motY (Yagasaki et al., 2 and 3 , respectively) and 5 mg total RNA (lanes 6, 7 and 11, respectively). Also shown are RT-PCR amplicons of motY and the rrsA internal fragment obtained from 5 mg total RNA of the A. hydrophila AH-3 motY mutant containing plasmid pBAD33 (lanes 5 and 10, respectively), or containing plasmid pBAD33-MOTY (lanes 4 and 9, respectively). Lane 8, DNA molecular marker Ecoladder I (Ecogen). Strains containing pBAD33 derivatives were grown with 0.2 % L-arabinose.
2006; Koerdt et al., 2009) . In A. hydrophila motY and lafK-motY mutants, complementation assays using pLA-MOTY and pBAD33-MOTY or pBAD33Gm-MOTY in the presence of L-arabinose showed that these plasmids were unable to restore polar flagellum movement (Fig. 5a ), even when grown with different L-arabinose concentrations, although RT-PCR analysis showed that motY was transcribed from pBAD33-MOTY in the motY mutant grown with 0.2 % L-arabinose (Fig. 5b) . However, the pLA-MOTX recombinant plasmid was able to fully restore swimming motility in the A. hydrophila AH-3 motX mutant (AH-4461) (Canals et al., 2006a) . Since V. alginolyticus MotX and MotY are components of the T ring (Terashima et al., 2006) , and MotY stabilizes MotX and anchors it to the peptidoglycan layer (Okabe et al., 2002) , we investigated whether coordinated expression of the motY and motX genes was able to restore the swimming motility of the AH-3 : : motY mutant. Thus, pBAD33-MOTYX and pBAD33-MOTYXc, containing A. hydrophila motY and motX, respectively, both under arabinose promoter control but transcribed in the same direction (PBAD33-MOTYX) or in opposite directions (pBAD33-MOTYXc), were transferred to the AH-3 : : motY mutant. Both recombinant plasmids were able to restore swimming motility in liquid medium and soft agar to the AH-3 : : motY mutant when grown in the presence of L-arabinose (Fig. 5a ). The pBAD33-MOTYX motX deletion abolished swimming motility in the AH-3 : : motY mutant strain. These results show that A. hydrophila motY overexpression was unable to complement the AH-3 : : motY mutant; however, coordinated expression of MotX and MotY was able to restore the function of the polar flagellum motor. In Vibrio, it has been reported that the MotX-MotY interaction is the key to the correct folding and function of MotX, since MotY stabilizes the complex and anchors it to the peptidoglycan layer, and also regulates MotX solubility. Therefore, the MotX-MotY interaction is another level of control of the amount of MotX in the periplasm (Okabe et al., 2005; Yagasaki et al., 2006) . Several features of A. hydrophila MotX-Y are in agreement with or contradict the results for Vibrio:
(1) A. hydrophila MotX-Y seems to be located in the purified hook-basal flagella bodies, as in Vibrio (Terashima et al., 2006) . The A. hydrophila polar flagellum displays a T ring (Fig. 7) . Fig. 6 . Motility of A. hydrophila wild-type (AH-3), and AH-4473 (DpomAB-A 2 B 2 ), AH-4452 (DpomAB-B 2 ) and AH-4471 : : pomB (DpomB-A 2 B 2 ) mutants, as well as mutants complemented with plasmids pBAD33Gm-POMB (1), pBAD33Gm-POMB 2 (2) and pACYC-POMAB (3) grown for 28 h at 25 6C on soft agar. Strains with pBAD33 derivatives were grown with 0.2 % L-arabinose. The AH-4473 mutant (DpomAB-A 2 B 2 ) with plasmid pACYC-POMA 2 B 2 shows the same motility phenotype as with plasmid pACYC-POMAB.
(2) Overexpression of A. hydrophila motX did not restore motY mutant motility, although this effect has been described by the above authors in Vibrio (Okabe et al., 2001) .
(3) The presence of A. hydrophila motY alone is not able to restore the lack of polar motility in the corresponding mutant; it has to be coordinated with motX expression. In the case of Vibrio, the presence of motY alone restores the motility of the corresponding mutant independently of the amount of MotX (Yagasaki et al., 2006) . Accordingly, our data for A. hydrophila suggest that a noncoordinated or early expression of motY with respect to motX abolishes T ring formation and therefore polar flagellum motility. However, the early expression of MotX does not interfere with T ring formation.
In addition to MotX-MotY, the A. hydrophila polar flagellum motor has two redundant sodium-dependent polar flagellum stators, PomAB and PomA 2 B 2 , of which the subunits PomA/PomA 2 and PomB/PomB 2 are homologous proteins, having four and one transmembrane regions (TMs), respectively. Furthermore, PomA/PomA 2 show 30 % identity and 53 % similarity, whereas PomB/PomB 2 show 23 % identity and 43 % similarity. Both polar flagellum stators are sodium-dependent, and only one of them is essential for polar flagellum motility in liquid medium and soft agar (Wilhelms et al., 2009) . The Vibrio homologous proteins, PomA and PomB, constitute a multimeric complex composed of four PomA and two PomB proteins, where the cooperation of PomA TM3 and the PomB TM, which are in close proximity over their entire length, is required for coupling of Na + to drive the flagellar rotation (Yakushi et al., 2004 The hook-basal bodies were gently placed onto Formvar-coated copper grids and negatively stained using 2 % uranyl acetate. Bar, 25 nm.
